ABSTRACT: Four methods of selection for net merit comprising 2 correlated traits were compared in this study: 1) EBV-only index (I 1 ), which consists of the EBV of both traits (i.e., traditional 2-trait BLUP selection); 2) GEBV-only index (I 2 ), which comprises the genomic EBV (GEBV) of both traits; 3) GEBV-assisted index (I 3 ), which combines both the EBV and the GEBV of both traits; and 4) GBV-assisted index (I 4 ), which combines both the EBV and the true genomic breeding value (GBV) of both traits. Comparisons of these indices were based on 3 evaluation criteria [selection accuracy, genetic response (ΔH), and relative efficiency] under 64 scenarios that arise from combining 2 levels of genetic correlation (r G ), 2 ratios of genetic variances between traits, 2 ratios of the genomic variance to total genetic variances for trait 1, 4 accuracies of EBV, and 2 proportions of r G explained by the GBV. Both selection accuracy and genetic responses of the indices I 1 , I 3 , and I 4 increased as the accuracy of EBV increased, but the efficiency of the indices I 3 and I 4 relative to I 1 decreased as the accuracy of EBV increased. The relative efficiency of both I 3 and I 4 was generally greater when the accuracy of EBV was 0.6 than when it was 0.9, suggesting that the genomic markers are most useful to assist selection when the accuracy of EBV is low. The GBV-assisted index I 4 was superior to the GEBV-assisted I 3 in all 64 cases examined, indicating the importance of improving the accuracy of prediction of genomic breeding values. Other parameters being identical, increasing the genetic variance of a high heritability trait would increase the genetic response of the genomic indices (I 2 , I 3 , and I 4 ). The genetic responses to I 2 , I 3 , and I 4 was greater when the genetic correlation between traits was positive (r G = 0.5) than when it was negative (r G = −0.5). The results of this study indicate that the effectiveness of the GEBV-assisted index I 3 is affected by heritability of and genetic correlation between traits, the ratio of genetic variances between traits, the genomic-genetic variance ratio of each index trait, the proportion of genetic correlation accounted for by the genomic markers, and the accuracy of predictions of both EBV and GBV. However, most of these affecting factors are genetic characteristics of a population that is beyond the control of the breeders. The key factor subject to manipulation is to maximize both the proportion of the genetic variance explained by GEBV and the accuracy of both GEBV and EBV. The developed procedures provide means to investigate the efficiency of various genomic indices for any given combination of the genetic factors studied.
INTRODUCTION
The term genomic selection (genome-wide selection) was first coined by Haley and Visscher (1998) . Meuwissen et al. (2001) presented a method of predicting total genetic value using a high density marker map across the entire genome (genome-wide prediction). Since then, this selection method has attracted intensive research. Currently, whole genome selection is the state of the art for genetic improvement of animal production. The implementation of this selection tool was made possible by the rapid technological advances in the genotyping of thousands of SNP markers at a time. Genome-wide selection offers considerable advantages over the current practice of progeny testing in dairy cattle because of the potential reduction in both the operational costs and generation interval (Schaeffer, 2006) . Lande and Thompson (1990) have developed a formula for computing multi-trait marker-assisted selec-tion index (MAS), although they did not evaluate the efficiency of multi-trait MAS selection index as compared with other selection alternatives. Technically, genomic selection is a type or an extension of conventional MAS except that genomic selection utilizes many more makers and thus resorts to different breeding strategies to estimate the total breeding value when compared with conventional MAS (Soller and Beckmann, 1983) . Detailed review of genomic selection was given by Goddard and Hayes (2007) . Although there are an abundance of reports about the applications and the principles of genomic selection for a single trait (Calus and Veerkamp, 2007; Daetwyler et al., 2007; Muir, 2007; Calus et al., 2008) , the study of theoretical efficiency of multi-trait genomic selection relative to other selection alternatives is scarce (Dekkers, 2007) . The objectives of this study are to examine the effectiveness of 4 selection criteria for genetic improvement of net merit comprising 2 quantitative traits: 1) EBV-only index I 1 , a linear combination of the EBV of both traits (i.e., conventional 2-trait BLUP selection); 2) GEBV-only index I 2 , a linear combination of the genomic EBV (GEBV) of both traits; 3) GEBV-assisted index I 3 , a linear combination of the EBV and GEBV of both traits; and 4) GBV-assisted index I 4 , a combination of the EBV and true genomic breeding value (GBV) of both traits.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
The net merit (H) is defined as H G G = + a a 1 1 2 2 , where G 1 and G 2 are the genetic value of traits 1 and 2, respectively, with the relative economic values a 1 and a 2 . The genetic value of a trait comprises the GBV accounted for by the identified markers (e.g., SNP) across the whole genome and the polygenic genetic value (PG) unexplained by the identified markers. Subsequently, the phenotypic value of the ith trait (Y i ) may be partitioned as follows:
where E i is the environmental effect of the ith trait. Let EBV i and GEBV i be the estimates of breeding value (BV) and GBV i of the ith trait, respectively. The subscript i of G, E, BV, GBV, PG, EBV, and GEBV refers to traits 1 or 2 (i = 1 or 2). This study assumed that GBV 1 and GBV 2 are independent of both PG 1 and PG 2 .
Selection Methods Compared
Four selection indices were compared based on 3 evaluation criteria: selection accuracy, genetic gain in net merit (ΔH), and relative efficiency defined as the ratio of the genetic responses between a given index (I 2 , I 3 , or I 4 ) and I 1 . The derivation of these 4 indices is given next.
EBV-Only Index
The EBV-only index is I 1 = b 1 EBV 1 + b 2 EBV 2 , where b i is the index coefficient of EBV i . This is traditional BLUP selection. The derivation of I 1 needs to take into account that the regression of BV i on EBV i (i = 1 to 2) is equal to 1.0, and the correlation between BV i and EBV i (i.e., the accuracy of the prediction of breeding value in the ith trait) is
If the accuracy of the prediction of the breeding values of both traits 1 and 2 is perfect (BV = EBV), then .
By index theory, the index coefficients of I 1 are obtained by solving the following set of index equations:
[1]
In matrix notation, Eq.
[1] is abbreviated as P 1 b 1 = C 1 a, where the subscript 1 of P 1 , C 1 , and b 1 corresponds to the subscript 1 of I 1 . Because P 1 = C 1 , then b 1 = a. By the index theory, σ 
GEBV-Only Index
The GEBV-only index (I 2 ) is a linear combination of the GEBV of both traits: I 2 = b 1 GEBV 1 + b 2 GEBV 2 , where GEBV 1 and GEBV 2 are the predictions of GBV 1 and GBV 2 , respectively, with a given accuracy to be defined later on. By the index theory, the correlation between I 2 and H is maximized when the index coefficients are identical to the relative economic weights (i.e., I 2 = a 1 GEBV 1 + a 2 GEBV 2 ).
GEBV-Assisted Index
The GEBV-assisted index (I 3 ) is a linear combination of the EBV and the GEBV of the 2 traits: Note that the regression of GBV i on GEBV i (i = 1 or 2) is equal to 1.0, whereas the correlation between GBV i and GEBV i (i.e., the accuracy of the prediction of the genomic part in the ith trait) is The index coefficients of I 3 are obtained from the following set of index equations:
[2] can be expressed as 
The genetic response in H from selection on I 3 is
i . σ σ The genetic response in the 2 index traits (ΔG 1 and ΔG 2 ) to selection on I 3 are
where Δ is a column vector of order 2 containing ΔG 1 and ΔG 2 .
GBV-Assisted Index
The GBV-assisted index (I 4 ) is a linear combination of the EBV and the GBV of the 2 traits:
The index equation for I 4 takes exactly the same form as Eq. [2] with GEBV being replaced by GBV.
Input Parameters
Trait 1 is assumed to be highly heritable (h 2 = 0.5), whereas trait 2 is lowly heritable (h 2 = 0.1). The relative economic weights between both traits are assumed to be equal (a 1 :a 2 = 1:1). Let the proportion of the total genetic variance explained by genomic variance be
, where the subscript i refers to trait 1 or 2. Thus, (1 − p i ) is the proportion of the total genetic variance due to polygenic variance (1 p
Genomic selection (or genome-wide selection) is based on dense SNP throughout the genome, so the values of both p 1 and p 2 are expected to be large. It is assumed that p 1 = 0.7 or 0.8 for trait 1 with p 2 set to be 0.6 for trait 2. The value of p 1 is larger than p 2 because trait 1 has a greater h 2 than trait 2. Togashi and Lin (2010) reported that other things being equal, the efficiency of 2-trait selection for net merit vary depending upon the ratio of the genetic variances between the 2 traits. Two genetic variance ratios ( Thus, λ can also be treated as the proportion of genetic covariance (
Two levels of λ are applied: 0.9 and 0.7.
If the prediction of the GBV of both traits 1 and 2 is perfect (GEBV = GBV), then r r GEBV ,GEBV G BV ,GBV r .
This expression indicates that the estimated genomic covariance σ GEBV ,GEBV 1 2 is smaller than the true genomic covariance σ GBV ,GBV 1 2 unless the accuracy of the predictions of GBV for both traits is perfect
The accuracy of the prediction based on genomic selection is greater than that based on BLUP (Meuwissen et al., 2001; Calus and Veerkamp, 2007; Muir, 2007) . Single-trait simulation study of Zhang and Smith (1992) indicated that MAS combining BLUP estimates of genetic value and marker effect was more effective than selection based on BLUP estimates alone. This study assumed that the accuracy of the predictions of GBV is r GBV ,GEBV 1 1 = 0.85 for trait 1 and r GBV ,GEBV 2 2 = 0.7 for trait 2. Both traits were assumed to have the same accuracy of EBV and 4 levels of the accuracy of EBV were studied: 0.9, 0.8, 0.7, and 0.6.
Given the input parameters and the procedures outlined above, it is simple to construct the 4 selection indices compared and compute their selection accuracies and genetic responses. To summarize, this study consists of 2 levels each for r G (0.5 or −0.5), p 1 (0.8 or 0.7), λ (0.9 or 0.7), and δ (25 or 0.04), and 4 levels for accuracy of EBV (0.9, 0.8, 0.7, or 0.6), resulting in a total of 64 scenarios (2 × 2 × 2 × 2 × 4 = 64). The 4 selection indices are compared deterministically based on selection accuracy, genetic responses in net merit, and relative efficiency under 64 scenarios created by combining different parameters.
RESULTS AND DISCUSSION
At first, it is worth noting that, when the accuracy of predictions for GEBV 1 and GEBV 2 is maximum (i.e., r GBV ,GEBV 1 1 = r GBV ,GEBV 2 2 = 1 or GEBV = GBV), the GEBV-assisted index I 3 is identical to the GBV-assisted index I 4 . Equation [2] that was developed for the construction of I 3 can be easily reduced to construct the index I 1 or I 2 . Therefore, Eq. [2] is a general set of index equations for the construction of the genomic selection indices. Two levels of λ (0.7 and 0.9) were applied in this study. Because the results from λ = 0.7 and λ = 0.9 were similar, only the results from λ = 0.7 are presented. The selection accuracy, genetic responses in net merit (ΔH), and relative efficiency of the 4 selection methods (I 1 , I 2 , I 3 , and I 4 ) for λ = 0.7 are given in Tables 1 and 2. The EBV-only index I 1 , which was traditional BLUP selection without the use of genomic information, is used as a basis for comparing to the 3 genomic selection indices (I 2 , I 3 , and I 4 ).
Effect of the Accuracy of the EBV
When the accuracy of the prediction of EBV increased from 0.6 to 0.9, both selection accuracy and genetic responses (ΔH) of EBV-only index I 1 , the GE-BV-assisted index I 3 , and the GBV-assisted index I 4 generally increased (Tables 1 and 2 ). The selection accuracy and genetic response of the GEBV-only index I 2 was constant across the accuracy of EBV and was unaffected by the accuracy of EBV. This is because the construction of I 2 is based solely on GEBV and the accuracy of EBV is not involved in computing both the selection accuracy and genetic response of I 2 . The relative efficiency of I 2 , I 3 , and I 4 decreased as the accuracy of EBV increased. The relative efficiency of genomeassisted indices I 3 and I 4 was generally greater when the accuracy of EBV was 0.6 (Table 1) than when it was 0.9 (Table 2), suggesting that the genomic markers are useful to assist selection particularly when the accuracy of EBV is 0.6 or less. This is because decreasing the accuracy of EBV would increase the index coefficient of GEBV and decrease the index coefficient of EBV. Conversely, increasing the accuracy of EBV would increase the index coefficient of the EBV and decrease the index coefficient of the GEBV, thus decreasing the importance of GEBV as a selection aid.
It is worth noting that young animals would have only parent average available (pedigree index) when important selection decisions are made and, thus, are expected to have low accuracy. This underlines the particular usefulness of genomic markers in selecting young animals before they have records. When the accuracy of EBV was as high as 0.9, the advantage of the GEBV-assisted index I 3 over the EBV-only index I 1 was minimal ( Table 2 ), indicating that it does not justify the time and effort to identify the genomic marker for the GEBV-assisted selection. Under this circumstance (accuracy of EBV = 0.9), the genetic response due to Table 1 I 4 was greater than that of I 3 (Tables 1 and 2) . The genetic response due to I 3 can be further improved by increasing the proportion of total genetic variance explained by genomic markers and at the same time improving the accuracy of GEBV. Tables 1 and 2 show that the genetic response (ΔH) due to each of the 4 indices (I 1 , I 2 , I 3 , and I 4 ) was consistently greater when the genetic correlation (r G ) between the index traits was positive (r G = 0.5) than when r G was negative (r G = −0.5). Comparison between r G = 0.5 and r G = −0.5 revealed that the genetic responses from the 4 indices have similar trend across the accuracy of EBV except that ΔH is larger when r G = 0.5 than when r G = −0.5. It should be noted that a selection criterion that produces a larger genetic response in, say, scenario A than in scenario B is not necessarily more efficient in scenario A than in scenario B. For example, the GEBV-assisted index I 3 yielded a greater genetic response but had a decreased efficiency in the first scenario of Table 1 than the second scenario of Table 1 . This is because the efficiency of I 3 is relative to the genetic response of the EBV-only index I 1 used as a basis for comparison, and the genetic responses due to both I 3 and I 1 vary at different rates between scenarios. Regardless of that, the animal breeders are generally more concerned with the magnitude of the genetic response than the relative efficiency. Our study assumed that the genetic correlations between traits 1 and 2 (r G ), between the GBV of both traits
Effect of Genetic Correlation on Genomic Index Selection
, and between the PG of both traits ( PG PG 1 2 r ) are all unequal, in contrast to the study of Dekkers (2007) that assumed that they were all equal
Effect of Genetic Variance Ratio on Genomic Index Selection
The parameter δ σ σ
is the ratio of the genetic variances between trait 1 (h 2 = 0.5) and trait 2 (h 2 = 0.1). When the accuracy of EBV was 0.6 or 0.7 (Table  1) , both selection accuracy and genetic responses due to I 3 and I 4 were greater when σ G (Table 2) , both selection accuracy and genetic response due to I 3 and I 4 were generally greater when δ = 0.04 than when δ = 25. These results suggest that when the accuracy of EBV was as low as 0.6, the genetic variance of the high heritability trait of the genome-assisted index has a greater effect on the improvement of both selection accuracy and response than that of the low heritability trait. When the accuracy of EBV was 0.9 and λ = 0.7, both selection accuracy and ΔH due to I 3 and I 4 were greater when δ = 0.04 than when δ = 25 (Table 2 ), suggesting that when the accuracy of EBV is very high (0.9), the genetic variance of the low heritability trait has a room for further improvement and a greater impact on ΔH. These results were in agreement with Togashi and Lin (2010) that the ratio of genetic variances between the index traits plays an important role in the determination of the genetic response to genomic selection, particularly when comparing the relative effectiveness of various genomic indices. In addition, the low heritability trait was reported to improve the most in both single-trait MAS (Lande and Thompson, 1990 ) and multiple-trait genomic MAS (Dekkers, 2007) .
Both genetic response and relative efficiency of the GEBV-only index I 2 was greater when δ = 25 than when δ = 0.04, and was independent of the accuracy of EBV. In terms of ΔH, the high heritability trait with a greater genetic variance should receive a greater priority over the low heritability trait with a smaller genetic variance in multitrait selection index consisting only of GEBV.
Effect of Genetic Correlation Due to Genomic Part
the difference in the 3 evaluation criteria between p 1 = 0.7 and p 1 = 0.8 decreased as the accuracy of EBV increased from 0.6 to 0.9. A 10% difference in the 3 evaluation criteria between p 1 = 0.7 and p 1 = 0.8 was noteworthy at 0.6 accuracy of EBV (Table 1) , but negligible at 0.9 accuracy of EBV (Table 2) . Thus, increasing the genomic-genetic variance ratio of the index traits would increase the genetic response to genome-assisted selection.
Comparison of the Effectiveness of the 4 Selection Indices
The 3 evaluation criteria indicated that other things being equal, the GBV-assisted index I 4 is the method of choice among the 4 indices compared (Tables 1 and 2 ). This is because the GBV of the 2 traits used to construct the I 4 represent the true parametric values that are unknown in the real world. The GEBV-assisted index I 3 was more effective than EBV-only index I 1 in all 64 scenarios studied, particularly when the accuracy of EBV was 0.6 and the genetic variance of trait 1 (h 2 = 0.5) was 25 times greater than that of trait 2 (h 2 = 0.1) (i.e., δ σ σ Table 1 ), suggesting that it is beneficial to combine both the genomic markers and the EBV to construct the GEBV-assisted index when the accuracy of EBV is as low as 0.6. The EBV-only index I 1 (i.e., traditional 2-trait BLUP) was generally more effective than the GEBV-only index I 2 when the accuracy of EBV was high (0.8 or 0.9).
The difference in the evaluation criterion between the GBV-and GEBV-assisted indices (I 4 -I 3 ) provides a measure of the effect of the accuracy of the predictions of the GBV on the genomic index selection because the I 4 is constructed based on the true GBV (perfect accuracy), whereas the I 3 is constructed based on the predicted GBV (the accuracy of prediction: r GBV ,GEBV 1 1 = 0.85 and r GBV ,GEBV 2 2 = 0.7). In all 64 scenarios studied, the I 4 produced a greater genetic response than the I 3 . The advantage of I 4 over I 3 increased as the accuracy of EBV decreased. These results suggest the importance of improving the accuracy of predicting the genomic breeding values for genetic improvement, particularly when the accuracy of the EBV is low.
The difference in both selection accuracy and response between the GEBV-assisted index I 3 and the GEBV-only index I 2 measures the additional contribution of including EBV after incorporating the GEBV into the index. Both selection accuracy and response due to I 3 increased as the accuracy of EBV increased (Tables 1 and 2 ), whereas the I 2 was unaffected by the accuracy of EBV. All parameters being identical, the superiority of I 3 to I 2 is due to the addition of EBV (polygenic) effect to the index I 2 . In this regard, Calus and Veerkamp (2007) reported that the accuracy of GBV selection increases by including polygenic effect at decreased SNP densities. Single-trait simulation of Zhang and Smith (1992) also showed that the combination of EBV and genetic markers was more effective than selection based on either EBV or genetic markers alone.
The results of this study indicate that the outcome of comparing the 4 selection indices is highly affected by the combination of genetic factors such as heritability of the traits and genetic correlation between traits, the proportion of genetic variance explained by the genomic part, the ratio of the genetic variances of the traits, the proportion of genetic correlation accounted for by the genome-wide screening, and the accuracy of the predictions of both EBV and GEBV. However, most of these genetic factors are the characteristics of a population and are beyond the control of the animal breeders (Dekkers and Hospital, 2002; Habier et al., 2007; Baruch and Weller, 2009; Villumsen et al., 2009 ). The key factor subject to manipulation is to maximize both the proportion of the genetic variance explained by GEBV and the accuracy of both GEBV and EBV. Although there are a very large number of possible combinations of the genetic parameters, the developed procedures in this study provide a useful basis for examining the efficiency of various genomic indices for a given combination of genetic parameters.
In conclusion, the selection accuracy, genetic response (ΔH), and efficiency of the genomic indices (I 2 , I 3 , and I 4 ) increase as the genomic variance accounted for by genome-wide markers increases. The genetic responses due to I 1 , I 3 , and I 4 increase as the accuracy of EBV increases. It is important to combine both the EBV and GEBV into a GEBV-assisted index I 3 to maximize the genetic response unless the GEBV of each index trait accounts for most of the genetic value with a very high accuracy. Increasing the genetic variance of a high heritability trait would increase the genetic response of the genomic indices, particularly when the accuracy of EBV is 0.6. Therefore, a high heritability trait with a large genetic variance should receive a greater priority over the low heritability trait to facilitate the genetic response in net merit. The efficiency of genome-assisted index selection is highly affected by various genetic factors most of which are beyond the control of the breeders. The developed procedure in this research allows for the comparison of various genomic indices to choose the most effective one under a given combination of the genetic parameters. 
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